The isolation enhancement between the donor antenna and the service antenna for indoor repeater systems is presented by using a frequency-selective surface (FSS). A unit cell of the proposed FSS consists of a quarter-wavelength resonator, a chip resistor, an FR4 substrate, and a ground plane. Applying the unit cells of the proposed FSS embedded a chip resistor on the side walls of each reflector for indoor WCDMA repeater antennas and aligning them along with the cross-polarization of each antenna, the isolation is improved by about 13 dB at the WCDMA band.
Introduction
In a wireless communication system such as WCDMA (1.92 GHz-2.17 GHz), when the base station signal transmits from the outdoor environments to the in-buildings or the underground areas, the shadow regions may be generated. Although an indoor WCDMA repeater has been widely used to cover these shadow areas for small coverage, it can cause a self-oscillation between the transmitting signal from the service antenna and the receiving signal to donor antenna when it performs to relay in the identical frequency band [1] . To avoid this mutual interference noise, obtaining a high isolation between closely mounted the donor antenna and the service antenna is one of the most important factors in designing indoor repeater antennas. Figure 1 shows that a conventional indoor repeater system includes two linearly polarized antennas backed by the rectangle-bowl-type reflectors which stand back to back. Two linearly polarized antennas, which are aligned along with the orthogonal (vertical and horizontal) direction to each copolarized component, are positioned at the center of each reflector. Even though two antennas are aligned along with an orthogonal polarization to each other to obtain higher isolation between them, the surface waves on the walls of the reflectors can cause the cross-polarization that leads the unwanted mutual coupling between the antennas. To solve this problem, several kinds of the high impedance surfaces (HIS) have been presented [2] [3] [4] . The radar absorbing material structure with a mushroom-like HIS and a chip resistor is proposed [5, 6] . This structure with a chip resistor is able to provide an absorbing performance and a suppressing surface waves among all transverse fields on the ground surface. However, when this structure is applied to the indoor repeater antenna, it is difficult to maintain the peak gain owing to the degradation of a radiation pattern. The defected ground structure is presented to improve the isolation between a pair of closely packed PIFAs, patches, and monopole antennas on the common ground plane [7] [8] [9] . This structure can obtain a band-stop effect due to the combination of an inductance and a capacitance, so that it applies to antenna designs to suppress the harmonics and the cross-polarizations. However, it is required to redesign the ground plane for conventional indoor repeaters because this structure is etched onto the single ground plane. Without redesigning conventional repeater antennas, we proposed a simple and compact FSS (Frequency Selective Surface), which is embedded into reflectors aligned along with the cross-polarization direction of each antenna to improve the isolation between two antennas for an indoor WCDMA repeater system [10] . In this letter, a simple unit cell of the FSS where a chip resistor is embedded to act as an absorbing material is proposed to further enhance the isolation between antennas. The unit cell of the proposed FSS is characterized by the HIS and is a quarter-wavelength resonator operated at WCDMA (1.92 GHz-2.17 GHz) band. To improve the isolation and maintain the peak gain, the unit cell of the proposed FSS is designed to act as the perfect electric conductor for the copolarized component of antennas and act as the HIS for the cross-polarized component of antennas. The proposed unit cells of the FSS are arranged with a periodic structure and are imbedded into the side walls of reflector aligned along with the cross-polarization of each antenna.
Proposed FSS Unit Cell Design
Typically, two antennas (a donor and a service antenna) for an indoor repeater system stand back-to-back and share the common ground plane (reflectors). This causes poor isolation between them because the surface waves on the reflectors of antennas lead to the unwanted mutual coupling, so that, in this work, the proposed FSS is embedded into the side walls of reflectors. Since the reflector is the rectanglebowl-type and its inclined angle between the wall of reflector and the bottom of reflector is about 45
• , the configuration of reflector has to be considered [11, 12] when the device suppressing surface waves is designed. The unit cell of the proposed FSS is excited by the obliquely incident wave, so that the surface impedance of the unit cell depends on the inclined angle between the wall of reflector and the bottom of the reflector.
Using the Floquet modal analysis, the surface impedance of the proposed unit cell can be calculated. Basically, Floquet modes are plane waves with propagation direction set by the frequency, phasing, and geometry of the periodic structure. Since the proposed FSS has the periodic structure, the surface impedance can be calculated by using the Floquet modal analysis in incident wave mode directions (E θ , E Φ ) [13] . Figure 2 shows the geometry of a unit cell of the proposed FSS embedded into the FR4 substrate. It consists of the ground plane, a chip resistor (620 Ω), and a quarterwavelength resonator excited by the E θ mode. The height of a unit cell is 2 mm. The size of ground plane is 30 × 15 mm 2 . Figure 3 shows the variation of the simulated surface impedance in the incident wave mode directions (E θ , E Φ ) with varying the width (W, which is also the same as the distance between the unit cells in the FSS) of the unit cell ground plane. It is noticed that as the width (W) decreases, the proposed unit cell of the FSS in the E θ mode direction is characterized by the HIS. However, varying the width (W = 11, 15, 19 mm), the surface impedance in the E Φ mode direction is barely changed and close to zero, so that the unit cell of the proposed FSS likely acts as a perfect conductor in the E Φ mode direction. Therefore, for an indoor repeater antenna, the surface impedance of the unit cell has to be matched with the free space impedance (Z 0 ) in the TM mode (E θ mode) excited by the obliquely incident wave of the angle (θ)
where η 0 is the intrinsic wave impedance in free space. With the width (W) of 15 mm and the inclined angle of 45
• at E θ mode direction, the surface impedance of the proposed unit cell is approximately matched with the wave impedance (266 + j0 Ω) in the free space. 
Isolation Measurement and Result
To validate the performance of the proposed FSS, first, a small monopole for both the donor antenna and the service antenna mounted on a conventional indoor WCDMA repeater system as shown in Figure 4 is used to generate the surface waves on all side walls of the reflector, and then the isolation is measured. Figures 4(a) and 4(b) show a monopole antenna mounted on a conventional repeater system without and with the proposed FSS, respectively. Figure 5 shows the measured isolation between antennas as shown in Figure 4 . It is noticed that the isolation can be considerably improved by the proposed FSS-embedded chip resistor (R) for the entire WCDMA band (1.92∼ 2.17 GHz). However, in general, to get the better isolation, a conventional repeater system uses two linearly polarized identical antennas (a donor antenna and a service antenna) orthogonally mounted on a reflector which stands back-toback. Even though two antennas are orthogonally mounted to get higher isolation between them, the surface currents that flow on the walls of the reflectors cause the crosspolarization as shown in Figure 6 , so that it brings the unwanted mutual coupling between two antennas. To further improve the isolation between them, the proposed FSS is embedded into the side walls of reflectors for a conventional indoor WCDMA repeater as shown in Figure 7 . Even though, in Figure 4 (b), the proposed FSS is embedded into all (four) side walls of each reflector, the effect of the isolation enhancement between orthogonally mounted antennas is conducted with varying the location of the FSS. Figure 7 (a) (Case I) shows that the proposed FSS embedded into two side walls of each reflector is aligned along with the cross-polarization of each other antenna mounted on the other side of the reflector, and Figure 7 (b) (Case II) shows that the proposed FSS embedded into two side walls of each reflector is aligned along with the cross-polarization of each antenna mounted on its own aperture reflector. Figure 8 shows the measured return loss and isolation for different locations of the FSS as shown in Figure 7 . It is noticed that the location (Case II) of the FSS shown in Figure 7 (b) gives the better isolation by about 13 dB in the WCDMA band, and the resonant frequency of the antenna is barely changed by embedding the proposed FSS. Figure 9 shows the measured radiation patterns of the antenna (Case II) shown in Figure 7 (b) at 2.05 GHz with and without the proposed FSS. They are normalized by the peak gain of 9.5 dBi (a typical value of the conventional indoor repeater antenna backed by the rectangle-bowltype reflectors), which is maintained without and with the proposed FSS.
Conclusion
The indoor repeater antenna with the proposed FSS has been implemented to obtain the higher isolation and maintain the peak gain. When the proposed FSS embedded into the side walls of the reflectors aligned along with the crosspolarization of each antenna, the isolation enhancement is about 13 dB in the WCDMA band without any sacrifice of the antenna radiation performance. The proposed FSS can practically be applied to a variety of wireless communication applications such as base-stations antenna and radars.
